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Abstract: This study aims to inform herpes simplex virus type 2 (HSV-2) vaccine development,
licensure, and implementation by delineating the population-level impact of vaccination.
Mathematical models were constructed to describe the transmission dynamics in presence of
prophylactic or therapeutic vaccines assuming 50% efficacy, with application to the United States.
Catch-up prophylactic vaccination will reduce, by 2050, annual number of new infections by 58%,
incidence rate by 60%, seroprevalence by 21%, and avert yearly as much as 350,000 infections. Number
of vaccinations needed to avert one infection was only 50 by 2050, 34 by prioritizing those aged
15–19 years, 4 by prioritizing the highest sexual risk group, 43 by prioritizing women, and 47 by
prioritizing men. Therapeutic vaccination of infected adults with symptomatic disease will reduce,
by 2050, annual number of new infections by 12%, incidence rate by 13%, seroprevalence by 4%, and
avert yearly as much as 76,000 infections. Number of vaccinations needed to avert one infection was
eight by 2050, two by prioritizing those aged 15–19 years, three by prioritizing the highest sexual
risk group, seven by prioritizing men, and ten by prioritizing women. HSV-2 vaccination offers
an impactful and cost-effective intervention to prevent genital herpes medical and psychosexual
disease burden.
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1. Introduction

Herpes simplex virus type 2 (HSV-2) infection is lifelong and one of the most prevalent sexually
transmitted infections (STIs) [1–3]. The World Health Organization (WHO) estimated the number of
persons living with HSV-2 globally at 491 million in 2016, equivalent to 13.2% of the world’s population
aged 15–49 years [3]. Though low and middle income countries (LMICs) are most affected [1,3],
large HSV-2 epidemics have been also documented in high income countries, such as the United States
(US), with prevalent infections estimated at 50 million at present, and incident/new infections at over
600,000 every year [4].

The chronic nature of HSV-2 infection, with frequent and mostly unrecognized reactivations [5,6],
its high infectiousness [7,8], and low threshold for sustainable transmission in the population [1,9,10],
distinguishes its epidemiology from that of other STIs [10]. HSV-2 is a leading cause of genital
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herpes [1,11–16], and of genital ulcer disease (GUD)—painful conditions with serious consequences on
sexual and reproductive health [17]. The latter conditions have been further associated with a range of
psychosexual adverse outcomes [17–20]. HSV-2 can be passed vertically from mother-to-child leading
to neonatal herpes, a rare but serious disease with high mortality risk [17,21]. Though with caveats [22],
evidence suggests an epidemiologic synergy between HSV-2 and HIV infections [10,23–25], and a
major role for HSV-2 in fueling the HIV epidemics especially in sub-Saharan Africa [10,26,27].

Controlling HSV-2 infection is integral to global efforts aimed at improving sexual and reproductive
health [28,29]. Available prevention modalities, such as condoms and antiviral therapy, are insufficient
to control infection spread, and therefore no specific national programs were set for HSV-2 prevention
and control, including in high income countries such as the US [30–32]. However, the expensive
direct medical costs of HSV-2 disease burden, estimated at $541 million per year in the US alone [33],
highlight the critical need for HSV-2 vaccination as a strategic approach to control transmission and to
curb the clinical, psychosexual, and economic disease burden of this infection [34].

Prophylactic and therapeutic HSV-2 vaccine candidates are currently in phase I and/or II
trials [29,35,36]. In addition, a therapeutic vaccine candidate has already demonstrated sustained
reductions in shedding and lesion rates over a 12-months duration, with no serious adverse
events [37–39]. Given this progress, the WHO and global partners are spearheading development
of a comprehensive business case for these vaccines [28,29,36] to catalyze stakeholders’ engagement
and investment in vaccine development [28,29]. In this context, the WHO has recently called for
mathematical modeling contributions to support the business case articulation of global health
needs, vaccine preferred product characteristics (PPCs), vaccine potential impact, pathways and
costs for vaccine development and administration, and expected cost-effectiveness and return on
investment [28,29,36,40]. This business case is part of a global roadmap formulated to advance STI
vaccine development and decision-making [41].

Building on a recently developed mathematical model characterizing the past, present, and
future levels and trends of HSV-2 epidemics [4], and using nationally representative HSV-2 antibody
prevalence (seroprevalence) data for the US over four decades [30,42–46], this study aims to assess
the impact of HSV-2 vaccination in the US population, as an illustrative example of the public health
benefits of a national vaccine program. The overarching goal of this study is to provide the scientific
evidence necessary to rationalize a strategic approach that informs and accelerates the development of
both prophylactic and therapeutic HSV-2 vaccines, at a critical time of such vaccines development [28].
Specifically, we assessed the impact of both a partially efficacious prophylactic vaccine, that reduces
susceptibility to infection upon vaccination, and a partially efficacious therapeutic post-exposure
vaccine that “treats” HSV-2 infection by reducing HSV-2 shedding frequency, thereby reducing HSV-2
symptomatic disease (genital lesions and recurrences).

2. Materials and Methods

2.1. Mathematical Model

Two deterministic compartmental mathematical models were constructed to describe HSV-2
sexual transmission in the US population in presence of prophylactic (Figure 1 and Supplementary
Material (SM) Figure S1) or therapeutic (Figure 2 and SM Figure S2) vaccination. The models adapted
and extended a recently developed model that characterized the HSV-2 epidemic in the US from
1950–2050 [4], as informed by existing modeling approaches for STI vaccines [47–56], and a detailed
review of HSV-2 vaccine models [40]. Models were structured by sex, age, and sexual activity, for broad
application, and consisted of sets of coupled nonlinear differential equations.
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Figure 1. Conceptual diagram illustrating the effect of a prophylactic vaccine on HSV-2 acquisition. 
VES is defined as the proportional reduction in the susceptibility to infection among those vaccinated 
relative to those unvaccinated. Asymptomatic genital HSV-2 infection was defined as a person who 
is HSV-2 seropositive but never develops significant symptoms to warrant medical intervention, 
whereas symptomatic genital HSV-2 infection refers to an HSV-2 seropositive person who develops 
symptoms that may warrant medical intervention. In this figure, solid lines denote progression or 
forward movement from one population compartment to the next, while dashed lines denote 
backward movement from the present population compartment to the previous population 
compartment. 

Figure 1. Conceptual diagram illustrating the effect of a prophylactic vaccine on HSV-2 acquisition.
VES is defined as the proportional reduction in the susceptibility to infection among those vaccinated
relative to those unvaccinated. Asymptomatic genital HSV-2 infection was defined as a person who
is HSV-2 seropositive but never develops significant symptoms to warrant medical intervention,
whereas symptomatic genital HSV-2 infection refers to an HSV-2 seropositive person who develops
symptoms that may warrant medical intervention. In this figure, solid lines denote progression or
forward movement from one population compartment to the next, while dashed lines denote backward
movement from the present population compartment to the previous population compartment.

Strata included sex, 20 five-year age groups spanning individuals 0–100 years of age, and five
sexual risk groups with a hierarchy from lower to higher risk based on number of sexual partners
over the last 12 months [57]. The distribution of sexual risk behavior followed a power-law function,
as informed by sexual partner data [58] and a range of network and modeling analyses [59–62].
Age dependence of sexual activity was determined by sexual partner data [57], with sexual debut
assumed at age ≥15 years. Sexual mixing by age and risk group was described by mixing matrices
that included assortative (i.e., partners choosing partners from within their age or risk group) and
proportionate (i.e., no preferential bias in choosing partners based on age or risk group) components,
as informed by earlier modeling work [63–65].

The population was further stratified based on HSV-2 infection status, stage of infection, and
vaccination status. Infection progression was modeled in terms of three stages: primary infection, latent
infection, and infection reactivation, and varied between population groups based on absence/presence
of symptoms and vaccination status (Figures 1 and 2, and SM Figures S1 and S2). HSV-2 shedding,
defining infectiousness, occurred only during primary infection and reactivations, regardless of
presence of symptomatic disease. Further details on model structure and vaccination components can
be found in SM. The model was coded, fitted, and analyzed in MATLAB R2018b [66].
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Figure 2. Conceptual diagram illustrating the effect of a therapeutic vaccine on reducing HSV-2
shedding frequency. VEP is defined as the proportional reduction in shedding frequency among those
vaccinated relative to those unvaccinated. Asymptomatic genital HSV-2 infection was defined as a
person who is HSV-2 seropositive but never develops significant symptoms to warrant consideration of
therapeutic vaccination/medical intervention, whereas symptomatic genital HSV-2 infection refers to
an HSV-2 seropositive person who develops symptoms that may warrant consideration of therapeutic
vaccination/medical intervention. In this figure, solid lines denote progression or forward movement
from one population compartment to the next, while dashed lines denote backward movement from
the present population compartment to the previous population compartment.

2.2. Model Parameterization and Fitting

Model parameterization was based on current data for HSV-2 natural history and epidemiology.
The model was calibrated through fitting to sex- and age- stratified HSV-2 seroprevalence data in the
US from ten biennial rounds of the nationally representative and population-based National Health
and Nutrition Examination Surveys (NHANES) 1988–2016 [57]. All surveys followed a standardized
methodology [57], and were analyzed per NHANES standardized “survey methods and analytic
guidelines,” with application of sampling weights [67]. Fitting to input data was performed using
a non-linear least-square fitting technique, incorporating the Nelder-Mead simplex algorithm [68],
as informed by earlier modeling work [64,65,69,70].

Parameterization of sexual risk behavior (into the five sexual risk groups) and of age dependence
of sexual risk behavior were informed by NHANES data for the reported number of sexual partners in
the last 12 months [57]. No risk compensation was assumed with HSV-2 vaccination. US population
demographics and their future projections were obtained from the United Nations’ World Population
Prospects database [71]. Further details on model parameters, values, and supporting evidence are in
SM Tables S1 and S2.

2.3. Product Characteristics of Candidate Vaccines

The impact of two types of imperfect vaccines were assessed. The first is a prophylactic vaccine
that reduces susceptibility to infection acquisition. Vaccination would be administered to a fraction of
susceptible (HSV-2 seronegative) individuals, with efficacy VES (“degree-type” protection [72]) defined
as the proportional reduction in the susceptibility to infection among those vaccinated relative to those
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unvaccinated. No additional “breakthrough” effects, that is effects modulating the natural history of
the infection for those vaccinated but who still acquire the infection, were assumed for this vaccine.

The second is a therapeutic vaccine that reduces shedding frequency, thus reducing genital
HSV-2 reactivation/episode duration. Vaccination would be administered to a fraction of infected
(HSV-2 seropositive) individuals with symptomatic disease, the likely mode of administration for this
vaccine [28,29,36]. Symptomatic genital HSV-2 infection was defined here as an HSV-2 seropositive
person who develops symptoms that warrant consideration of therapeutic vaccination/medical
intervention, whereas asymptomatic genital HSV-2 infection refers to an HSV-2 seropositive person
who never develops significant symptoms to warrant therapeutic vaccination. It was assumed that 25%
of those seropositive develop some form of clinical disease, based on existing evidence [6,43,73–76].
Here, vaccine efficacy VEp is defined as the proportional reduction in shedding frequency among those
vaccinated relative to those unvaccinated. Since this vaccine reduces shedding frequency, it indirectly
also reduces HSV-2 transmission as those vaccinated will have less shedding time to pass the infection.
We assumed implicitly that reduction in shedding implies proportional reduction in infectiousness.

We further assessed the impact assuming different durations of vaccine protection, D, defined as
the total duration of protection that vaccination will elicit, through initial vaccination combined possibly
with a booster [29].

2.4. Measures of Vaccine Impact

Direct and indirect public health benefits of vaccination were assessed. The direct impact results
from the effects of the vaccine efficacies VES and VEp. The indirect impact results from the reduction in
the onward transmission of the infection. The total impact of the vaccine, that is the sum of direct and
indirect effects, was estimated by comparing prevalence, incidence, and incidence rate at a given time
in presence of vaccination, with that in the no-vaccination counter-factual scenario. Impact was also
estimated by quantifying effectiveness, that is number of vaccinations needed to avert one infection over
a specific time-horizon. This metric is essentially cost-effectiveness but with no costs included, as they
are not yet available.

Vaccination impact was assessed at VES or VEp of 50%. This choice was motivated, for VES, by
current data on vaccine candidates [29,77], the indicated WHO PPCs [36], and the minimum efficacy
level for an HSV-2 vaccine to be licensed and administrated [48]; and for VEp by current data on vaccine
candidates [38,39] and the indicated WHO PPCs [36]. Duration of protection was assumed at 20 years
in case of a prophylactic vaccine, and 10 years in case of a therapeutic vaccine.

2.5. Vaccination Program Scenarios

For the prophylactic vaccine, the main scenario was that of “catch-up vaccination,” defined as
vaccine administration to all uninfected adults 15–49 years of age in 2020, with coverage scale-up
at a constant rate to 80% by 2030, but without the additional vaccination of younger age groups.
An alternative “single-sex vaccination” scenario was also investigated by restricting vaccination to
women 15–49 years of age.

Additional scenarios included (1) vaccination of only adolescents 10–14 years of age, building
on existing human papillomavirus (HPV) vaccination programs and available vaccine-delivery
infrastructure [29,36], (2) vaccination of only infants with a vaccine that elicits protection for 30 years
instead of 20 years, given the possibility of an efficacious vaccine against both HSV-1 and HSV-2
(for which infant vaccination is most relevant [29]).

For the therapeutic vaccine, the investigated scenario was vaccination of infected persons with
symptomatic disease in 2020, with coverage scale-up at a constant rate to 80% by 2030.

Number of vaccinations needed to avert one infection (that is effectiveness) of prophylactic and
therapeutic vaccines was investigated through different sub-population prioritization schemes based
on sex, age, and sexual risk behavior.
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2.6. Sensitivity Analyses

For each of the prophylactic and therapeutic vaccines, effectiveness was assessed at broad values
for VES, VEp, and duration of vaccine protection. Impact of prophylactic vaccination was also assessed
at different vaccine coverage levels.

2.7. Uncertainty Analysis

A multivariable uncertainty analysis was conducted to determine the range of uncertainty around
model-predicted vaccine effectiveness with respect to variations in the bio-behavioral parameters of
the models (SM Tables S1 and S2). For each vaccine type, 500 model runs were performed, where
in each run, Latin hypercube sampling [78,79] is applied in the selection of parameter values from
ranges that assume ±40% uncertainty around parameters’ point estimates, and the model refitted to
input data. Means and associated 95% uncertainty intervals (UIs) for the vaccine effectiveness were
calculated at each time point across these runs.

3. Results

3.1. Prophylactic Vaccine

Figures 3 and 4 and SM Figures S3 and S4 show the impact of prophylactic vaccination assuming
different scenarios. Catch-up vaccination (vaccinating susceptible adults 15–49 years of age; Figure 3)
will yield, by 2050, a reduction of 58% in annual number of new infections, 60% in incidence rate,
and 21% in seroprevalence. The annual number of infections averted was 297,700 in 2030, 323,300 in
2040, and 350,100 in 2050, and the cumulative number of infections averted (by 2050) was 9,167,400.
SM Figure S7A shows the vaccine coverage scale-up over time.
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Figure 3. Impact of prophylactic HSV-2 vaccination administered to uninfected adults aged 15–49 years
(catch-up vaccination) on HSV-2 infection measures in the population aged ≥15 years. Impact of
the prophylactic vaccine on (A) annual number of new HSV-2 infections, (B) annual number of
HSV-2 infections averted, (C) HSV-2 incidence rate, and (D) HSV-2 seroprevalence, among those aged
≥15 years. The prophylactic vaccine is introduced in 2020, with its coverage scaled up to 80% by 2030,
and maintained at this level thereafter. Duration of vaccine-induced protection is 20 years and VES

is 50%.
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Figure 4. Impact of prophylactic HSV-2 vaccination administered to adolescents aged 10–14 years
(adolescents’ vaccination) on HSV-2 infection measures in the population aged ≥15 years. Impact
of the prophylactic vaccine on (A) annual number of new HSV-2 infections, (B) annual number of
HSV-2 infections averted, (C) HSV-2 incidence rate, and (D) HSV-2 seroprevalence, among those aged
≥15 years. The prophylactic vaccine is introduced in 2020, with its coverage scaled up to 80% by 2030,
and maintained at this level thereafter. Duration of vaccine-induced protection is 20 years and VES

is 50%.

Meanwhile, single-sex vaccination (vaccinating susceptible women 15–49 years of age;
SM Figure S3) will yield, by 2050, a reduction of 31% in annual number of new infections, 32% in
incidence rate, and 12% in seroprevalence. The annual number of infections averted was 167,600 in
2030, 173,700 in 2040, and 183,200 in 2050, and the cumulative number of infections averted (by 2050)
was 5,048,200.

Similarly, adolescents’ vaccination (vaccinating individuals 10–14 years of age; Figure 4) will
yield, by 2050, a reduction of 33% in annual number of new infections, 34% in incidence rate, and
9% in seroprevalence. The annual number of infections averted was 104,400 in 2030, 162,700 in 2040,
and 195,700 in 2050, and the cumulative number of infections averted (by 2050) was 3,773,200.

Infants’ vaccination (vaccinating newborns; SM Figure S4) will yield, by 2050, a reduction of 21%
in annual number of new infections, 21% in incidence rate, and 3% in seroprevalence. The annual
number of infections averted was 53,400 in 2040 and 124,200 in 2050, and the cumulative number of
infections averted (by 2050) was 1,092,800.

Figure 5 shows results for the prophylactic vaccine effectiveness assessed using the catch-up
vaccination scenario. Number of vaccinations needed to avert one infection was 132 by 2025 and 50 by
2050. Prioritizing those 15–19 years of age was most effective with only 34 vaccinations needed to avert
one infection by 2050, while prioritizing those 45–49 years of age was least effective with 312 vaccinations
needed to avert one infection. Vaccinating infants was not effective with 136 vaccinations needed to
avert one infection.
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Figure 5. Effectiveness of prophylactic vaccination. Number of vaccinations needed to avert one
infection (A) at different time points, and in 2050 (B) by prioritizing different age groups for vaccination,
(C) by prioritizing different sexual risk groups, and (D) by prioritizing women as opposed to
men. The prophylactic vaccine is introduced in 2020, with its coverage scaled up to 80% by 2030,
and maintained at this level thereafter. Duration of vaccine-induced protection is 20 years and VES

is 50%.

Higher effectiveness was reached by prioritizing individuals with higher sexual risk behavior—only
four vaccinations were needed to avert one infection by 2050 by prioritizing the highest sexual risk
group (say female sex workers or men who have sex with men). Prioritizing women was slightly more
effective than prioritizing men with 43 and 47 vaccinations needed to avert one infection by 2050,
respectively. Single-sex vaccination still benefited both women and men. Single-sex vaccination of
women yielded 40% incidence reduction in women and 16% in men, whereas single-sex vaccination of
men yielded 44% incidence reduction in men and 28% in women.

SM Figures S5A and S6A illustrate results of sensitivity analyses assessing the impact of varying
VES and the vaccine duration of protection, respectively, on vaccine effectiveness. Number of
vaccinations needed to avert one infection decreased steadily as each of VES or the duration of
protection increased. SM Figure S8 illustrates results of the sensitivity analysis for the impact of
prophylactic vaccine coverage on annual incidence reduction. The impact of the vaccine was found to
increase linearly with increasing vaccine coverage.

SM Figure S9A shows results of the uncertainty analysis assessing the robustness of model
predictions for the prophylactic vaccine effectiveness. Results affirmed findings of favorable
effectiveness for this vaccine.

3.2. Therapeutic Vaccine

Figure 6 shows the impact of therapeutic vaccination that is vaccinating infected adults 15–49 years
of age with symptomatic disease. This scenario will yield, by 2050, a reduction of 12% in annual
number of new infections, 13% in incidence rate, and 4% in seroprevalence. The annual number of
infections averted was 65,500 in 2030, 71,300 in 2040, and 76,400 in 2050, and the cumulative number
of infections averted (by 2050) was 1,998,200. SM Figure S7B shows the vaccine coverage scale-up
over time.
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Figure 6. Impact of therapeutic HSV-2 vaccination administered to infected persons with symptomatic
disease aged 15–49 years on HSV-2 infection measures in the population aged ≥15 years. Impact
of the therapeutic vaccine on (A) annual number of new HSV-2 infections, (B) annual number of
HSV-2 infections averted, (C) HSV-2 incidence rate, and (D) HSV-2 seroprevalence, among those aged
≥15 years. The therapeutic vaccine is introduced in 2020, with its coverage scaled up to 80% by 2030,
and maintained at this level thereafter. Duration of vaccine-induced protection is 10 years and VEP

is 50%.

Figure 7 shows results of the therapeutic vaccine effectiveness. Number of vaccinations needed
to avert one infection was 23 by 2025 and 8 by 2050. Prioritizing those 15–19 years of age was most
effective with only two vaccinations needed to avert one infection by 2050, while prioritizing those
45–49 years of age was least effective with 60 vaccinations needed to avert one infection.

Prioritizing individuals with higher sexual risk behavior yielded higher effectiveness—only three
vaccinations were needed to avert one infection by 2050 by prioritizing the highest sexual risk group.
Prioritizing men was more effective than prioritizing women with 7 and 10 vaccinations needed to
avert one infection by 2050, respectively—a pattern that is opposite to that of the prophylactic vaccine
(Figure 5D). Yet, single-sex vaccination still benefited both men and women. Single-sex vaccination
of men yielded 2.7% incidence reduction in men but 7.9% reduction in women, whereas single-sex
vaccination of women yielded 5.7% incidence reduction in women but 9.3% reduction in men. The larger
impact for the unvaccinated sex is a consequence of the therapeutic vaccine reducing transmission,
and not acquisition, of the infection.

SM Figures S5B and S6B illustrate results of sensitivity analyses assessing the impact of varying VEp

and the vaccine duration of protection, respectively, on vaccine effectiveness. Number of vaccinations
needed to avert one infection decreased steadily as each of VEp or the duration of protection increased.

SM Figure S9B shows results of the uncertainty analysis assessing the robustness of model
predictions for the therapeutic vaccine effectiveness. Results affirmed findings of high effectiveness for
this vaccine.
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Figure 7. Effectiveness of therapeutic vaccination. Number of vaccinations needed to avert one
infection (A) at different time points, and in 2050 (B) by prioritizing different age groups for vaccination,
(C) by prioritizing different sexual risk groups, and (D) by prioritizing women as opposed to men.
The therapeutic vaccine is introduced in 2020, with its coverage scaled up to 80% by 2030, and maintained
at this level thereafter. Duration of vaccine-induced protection is 10 years and VEP is 50%.

4. Discussion

This study provided an in-depth quantitative assessment for the impact and effectiveness of both
prophylactic and therapeutic vaccination for HSV-2 infection. Findings demonstrated substantial gains
in curbing HSV-2 infection and disease burden with either of these vaccines, and with relatively small
number of vaccinations needed to avert one infection, therefore suggestive of high cost-effectiveness
for these vaccines.

The results showed that even a partially efficacious prophylactic vaccine, with VES of only 50%,
would achieve 60% reduction in annual number of infections by 2050, that is averting as much as
350,000 infections every year (Figure 3). The vaccine was also cost-effective, with about 50 vaccinations
needed to avert one infection (Figure 5A). These findings highlight the value of prophylactic vaccination
for an infection for which there is still no specific national program for its prevention and control [30–32].

Prophylactic catch-up vaccination was the strategy yielding the most immediate impact, whether
extended to the entire 15–49 years-old population (Figure 3), or to a single sex, say women (SM Figure
S3). Best effectiveness, however, was attained by vaccinating those 15–19 years of age (Figure 5B),
as they are vaccinated at entry of the age of highest incidence rate and are protected by the vaccine
throughout their sexual lifetime. Higher effectiveness was also attained by vaccinating those at
highest risk of infection, such as female sex workers and men who have sex with men (Figure 5C).
Although HSV-2 infection is prevalent among the general population, unlike other STIs such as
gonorrhea or syphilis, which are mostly concentrated in populations at high risk [10], prioritizing high
risk populations for HSV-2 vaccination still yielded substantial gains in effectiveness. Effectiveness was
also higher by prioritizing women, given their higher seroprevalence compared to men, but the
differential in effectiveness was not substantial (Figure 5D). Regardless of whom will be prioritized for
vaccination, the other sex will be also indirectly protected, as the vaccine will interrupt HSV-2 chains
of transmission in the population. Adolescent and infant vaccinations were impactful but required
longer time horizons for the impact to materialize (Figure 4 and SM Figure S4). Still, other factors,
such as the availability of childhood/adolescent immunization programs and the feasibility of vaccine
delivery, may warrant consideration of infant/adolescent vaccination.
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The most striking finding of this study was the impact of the therapeutic vaccine, highlighting
its utility as an intervention (Figure 6). This vaccine will not be indicated for its public health effects,
but for its clinical benefits to the affected individual, as it would alleviate symptoms of genital herpes
therefore improving the quality of life. The vaccine, however, can still have a considerable impact on
infection transmission at the population level, despite the smaller scale of the public health benefits
compared to the prophylactic vaccine, and the limited reach to only those with symptomatic disease.
Indeed, by 2050, a therapeutic vaccine with an efficacy of only 50% would avert 12% of the annual
number of infections (Figure 6A), that is averting as much as 76,000 infections every year (Figure 6B).

Importantly, therapeutic vaccination was very effective with only eight vaccinations needed to
avert one infection (Figure 7A). Effectiveness can be further optimized by prioritizing those 15–19 years
of age, with only two vaccinations needed to avert one infection (Figure 7B), or by prioritizing those at
highest risk of infection, such as female sex workers and men who have sex with men, with only three
vaccinations needed to avert one infection (Figure 7C). Opposite to prophylactic vaccination, therapeutic
vaccination of men was more effective than vaccination of women, with 30% less vaccinations needed
to avert one infection (Figure 7D). This differential effect by sex is explained by the therapeutic
vaccine reducing the risk of infection transmission rather than infection acquisition. Indeed, with the
vaccine directly blocking the transmission from men to women, who are more susceptible to infection
acquisition, more infections are averted in the population for less vaccinations.

Findings demonstrated the role of indirect effects of vaccination in limiting the onward transmission
of the infection and reducing HSV-2 infection burden in the population at large. For instance,
women-only prophylactic vaccination will reduce HSV-2 incidence among men by 16% by 2050,
even though men will not benefit directly from the vaccine. These indirect effects aggregate over
time, and increase in importance the longer is the duration of the vaccination program. Of note
that, for both vaccination types, the scale of public health benefits increases with vaccine efficacy
(SM Figure S5), whether VES or VEp, and importantly with the duration of protection elicited by the
vaccine (SM Figure S6). Vaccine deployment strategy is another critical factor, as the magnitude of the
impact varies based on which age group, risk group, or sex to be prioritized for vaccination (Figure 5;
Figure 7).

While this study demonstrated the utility of both prophylactic and therapeutic HSV-2 vaccines,
it may have underestimated the public health benefits, since only the epidemiological impact on
HSV-2 infection was assessed, without factoring consequential benefits on other disease outcomes
such as neonatal herpes [21], or other infections such as HIV or HSV-1. A potential important gain
from HSV-2 vaccination, that is of particular relevance to LMICs, is perhaps the prevention of HIV
infection [27,35,55]. The latter, however, should be subject to further investigation as although the
vaccine may reduce the risk of HIV acquisition by reducing genital inflammation or shedding [35,80],
the reverse effect is (theoretically) still possible with the influx of T-cells to the genital tract possibly
increasing the risk of HIV acquisition [35,80,81]. Meanwhile, with HSV-1 and HSV-2 viruses sharing
>83% of their genome and >85% of their protein profile [82], and considering evidence suggesting an
epidemiologic interaction between the two infections [83,84], it is possible that an HSV-2 vaccine could
have protective effects against HSV-1 infection. Indeed, the Herpvac vaccine, initially designed to
prevent HSV-2 infection, had no effect on HSV-2 infection but reduced the incidence of genital HSV-1
disease by 58% and HSV-1 infection by 32% [85].

A prophylactic HSV-2 vaccine may also have “therapeutic” or “breakthrough” effects, in the form
of additional efficacies against HSV-2 infection that were not assumed in our study. Motivated by data
on animal models [86,87], these effects are especially important when VES is low, making more room for
these efficacies to leave an impact. For instance, the vaccine may have an efficacy against infectiousness
(VEI; defined as the proportional reduction in infectiousness among those vaccinated, but still acquire
the infection, relative to those unvaccinated) [47–49]. This is supported by the existence of a threshold
for genital viral load to lead to transmission in a sexual act [88], and therefore a possible additional
vaccine effect in reducing genital viral load during a shedding episode [49]. A prophylactic vaccine may
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also reduce HSV-2 shedding for those vaccinated but still acquire the infection, a similar mechanism of
action to that of the therapeutic vaccine (VEp) [49,86,87]. Lastly, the assumed efficacy in the present
study of only 50% may underestimate that for the eventually developed vaccine, especially so for the
case of the therapeutic vaccine considering recent developments [89]. It is worth noting here that
the minimum efficacy needed for vaccine licensing could be lower for therapeutic vaccines than for
prophylactic vaccines, given the direct and immediate benefits of therapeutic vaccination on quality
of life.

Our findings demonstrate the need for more and accelerated investment in HSV-2 vaccine
development, more so that there is increasing optimism that developing a vaccine is feasible in the near
future. Despite setbacks over three decades [77,85,90–92], optimism is grounded on progress in basic
science and results of vaccine candidates currently in phase I and/or II trials [29,35,93]. Optimism is
also grounded on several lines of evidence suggesting vaccine feasibility [35], including improved
understanding of HSV immunology [35,40,94,95], growing knowledge of the optimal combination of
antigens and adjuvants that could lead to vaccine protection [77,85,93,95–101], success and availability
of both prophylactic and therapeutic vaccines against varicella zoster virus (VZV) [35,102,103], which is
a closely related alpha-herpes virus, success and availability of animal herpes vaccines such as the
bovine herpesvirus-1 [104] and the suid herpesvirus-1 (pseudorabies virus) [35,105], demonstration
that intramuscular vaccination can induce genital mucosal immunity [35], as is the case for HPV
vaccination [106], and the partial protection in the Herpvac trial against HSV-1 infection and genital
disease [35,85] given the strong homology between HSV-1 and HSV-2 viruses [17,82].

Our study has limitations. The vaccine mechanism of action was assumed independent of HSV-1
infection status, but evidence suggests possible interactions between the two infections that may
complicate transmission dynamics and assessment of vaccine impact [40,83,84]. An example is the
lower risk of symptomatic disease among those HSV-1 seropositive who acquire HSV-2 infection [74].
The study did not assess vaccination impact on other disease outcomes or infections, such as neonatal
herpes, HIV incidence, or HSV-1 incidence. The vaccine was also explored as a standalone intervention,
regardless of the presence of other interventions. The study further assumed that the therapeutic
vaccine efficacy persists for 10 years, however, the vaccine that may eventually be developed may not
persistently eliminate viral shedding for a long duration. The study also did not explore the impact
of therapeutic vaccination for the large asymptomatic HSV-2 infected population. Vaccine impact
was assessed in a specific national setting, potentially limiting generalizability of the results to other
settings at higher seroprevalence, such as in sub-Saharan Africa [1], or lower seroprevalence, such as
in the Middle East and North Africa [3,107,108]. While this study provides estimates for the vaccine
impact, it does not address complexities in vaccine implementation. For instance, a therapeutic vaccine
may need to be implemented within the healthcare system and may require development of a sensitive
and specific diagnostic test that can be feasibly implemented in LMICs [29].

Our study has strengths. We used an elaborate dynamical mathematical model to capture different
heterogeneities and intricacies in the non-linear transmission dynamics, thus factoring the sexual contact
structure and the biology of the infection in terms of natural history, susceptibility, and transmissibility,
as well as accounting for the population-level benefits of the vaccine beyond the direct benefits to
vaccinated individuals [28,72,109]. The model was stratified by sex, age, and sexual activity, that not
only allowed a realistic description of the epidemiology, but also facilitated investigation of the vaccine
impact by sub-population prioritization. The model was robustly calibrated for a specific national
epidemic [4], thereby generating estimates and projections that are representative of the demographic
diversity in the population at large. The model was anchored on high quality data for HSV-2 natural
history and transmission, and the impact was assessed for different vaccine characteristics and
vaccination strategies, to allow a detailed and nuanced understanding of the epidemiological impact.
Of note that the presented herpes vaccination models addressed key limitations that have been recently
highlighted in earlier models [40]. Uncertainty and sensitivity analyses were further conducted for
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a rigorous and broad assessment of vaccination impact with analyses confirming model predictions
(SM Figures S5, S6, S8 and S9).

5. Conclusions

In conclusion, a quantitative investigation of the impact of HSV-2 vaccination in the US was
conducted, and novel insights were delineated. A striking finding is that a therapeutic vaccine can
have significant population-level benefits, even though it is indicated for only its individual-level
clinical benefits. Such vaccine with intermediate efficacy can reduce HSV-2 incidence by >10%, averting
76,000 infections per year, and at very high effectiveness with only eight vaccinations needed to avert
one infection. Meanwhile, a prophylactic vaccine of intermediate efficacy can reduce HSV-2 incidence
by >50%, averting >350,000 infections per year, and at high effectiveness with only 50 vaccinations
needed to avert one infection. The impact of these vaccines can also be optimized by prioritizing young
adults and those at higher risk of infection. Mass catch-up vaccination, or alternatively single-sex
catch-up vaccination, will be essential to achieve a sizable impact in the short-run, as adolescent or
infant vaccination will require long-term implementation before effects materialize. These findings
demonstrate the criticality of rapid development of prophylactic and therapeutic vaccines to control
transmission and to prevent genital herpes medical and psychosexual disease burden.
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Figure S1: Schematic diagram describing the structure of the HSV-2 mathematical model incorporating a
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susceptible women aged 15–49 years (single-sex vaccination) on HSV-2 infection measures in the population aged
≥15 years. Figure S4. Impact of prophylactic HSV-2 vaccination administered to infants (infants’ vaccination)
on HSV-2 infection measures in the population aged ≥15 years. Figure S5. Sensitivity analysis assessing the
effectiveness of prophylactic and therapeutic vaccination to a range of vaccine efficacies. Figure S6. Sensitivity
analysis assessing the effectiveness of prophylactic and therapeutic vaccination to a range of vaccine-induced
protection durations. Figure S7. Vaccine coverage of (A) the catch-up prophylactic vaccination scenario, and
(B) the therapeutic vaccination scenario. Figure S8. Impact of prophylactic HSV-2 vaccination administered to
uninfected adults aged 15–49 years (catch-up vaccination) on the reduction in the annual number of new HSV-2
infections assuming different levels of vaccine coverage. Figure S9. Uncertainty analysis. Table S1. Definitions of
symbols in the equations of the mathematical models. Table S2. Model assumptions in terms of parameter values.

Author Contributions: Conceptualization, L.J.A.-R.; methodology, L.J.A.-R. and H.H.A.; formal analysis, H.H.A.
and H.C.; investigation, H.H.A.; resources, L.J.A.-R.; data curation, H.H.A. and H.C.; writing—original draft
preparation, L.J.A.-R. and H.C.; writing—review and editing, H.H.A., H.C., and L.J.A.-R., supervision, L.J.A.-R.;
project administration, L.J.A.-R. All authors have read and agreed to the published version of the manuscript.

Funding: H.H.A. acknowledges the joint support of Qatar University and Marubeni-QJRC-122. This publication
was also made possible by NPRP grant number 9-040-3-008 from the Qatar National Research Fund (a member of
Qatar Foundation). The findings achieved herein are solely the responsibility of the authors. The authors are also
grateful for pilot funding provided by the Biomedical Research Program and infrastructure support provided by
the Biostatistics, Epidemiology, and Biomathematics Research Core, both at Weill Cornell Medicine in Qatar.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Weiss, H. Epidemiology of herpes simplex virus type 2 infection in the developing world. Herpes 2004, 11,
24A–35A. [PubMed]

2. Smith, J.S.; Robinson, N.J. Age-specific prevalence of infection with herpes simplex virus types 2 and 1: A
global review. J. Infect. Dis. 2002, 186, S3–S28. [CrossRef] [PubMed]

3. James, C.; Harfouche, M.; Welton, N.J.; Turner, K.M.; Abu-Raddad, L.J.; Gottlieb, S.L.; Looker, K.J. Herpes
simplex virus: Global infection prevalence and incidence estimates, 2016. Bull. World Health Organ. 2020, 98,
315–329. [CrossRef] [PubMed]

4. Ayoub, H.H.; Amara, I.; Awad, S.F.; Chemaitelly, H.; Abu-Raddad, L.J. Analytic characterization of the
herpes simplex virus type 2 epidemic in the United States, 1950–2050. 2020; Under Preparation.

http://www.mdpi.com/2076-393X/8/3/366/s1
http://www.ncbi.nlm.nih.gov/pubmed/15115627
http://dx.doi.org/10.1086/343739
http://www.ncbi.nlm.nih.gov/pubmed/12353183
http://dx.doi.org/10.2471/BLT.19.237149
http://www.ncbi.nlm.nih.gov/pubmed/32514197


Vaccines 2020, 8, 366 14 of 19

5. Wald, A.; Zeh, J.; Selke, S.; Warren, T.; Ryncarz, A.J.; Ashley, R.; Krieger, J.N.; Corey, L. Reactivation of genital
herpes simplex virus type 2 infection in asymptomatic seropositive persons. N. Engl. J. Med. 2000, 342,
844–850. [CrossRef]

6. Benedetti, J.; Corey, L.; Ashley, R. Recurrence rates in genital herpes after symptomatic first-episode infection.
Ann. Intern. Med. 1994, 121, 847–854. [CrossRef]

7. Wald, A.; Langenberg, A.G.; Link, K.; Izu, A.E.; Ashley, R.; Warren, T.; Tyring, S.; Douglas, J.M., Jr.; Corey, L.
Effect of condoms on reducing the transmission of herpes simplex virus type 2 from men to women. JAMA
2001, 285, 3100–3106. [CrossRef]

8. Wald, A.; Krantz, E.; Selke, S.; Lairson, E.; Morrow, R.A.; Zeh, J. Knowledge of partners’ genital herpes
protects against herpes simplex virus type 2 acquisition. J. Infect. Dis. 2006, 194, 42–52. [CrossRef]

9. Corey, L.; Wald, A.; Celum, C.L.; Quinn, T.C. The effects of herpes simplex virus-2 on HIV-1 acquisition and
transmission: A review of two overlapping epidemics. J. Acquir. Immune Defic. Syndr. 2004, 35, 435–445.
[CrossRef]

10. Abu-Raddad, L.J.; Magaret, A.S.; Celum, C.; Wald, A.; Longini, I.M., Jr.; Self, S.G.; Corey, L. Genital herpes
has played a more important role than any other sexually transmitted infection in driving HIV prevalence in
Africa. PLoS ONE 2008, 3, e2230. [CrossRef]

11. Halioua, B.; Malkin, J.E. Epidemiology of genital herpes—Recent advances. Eur. J. Dermatol. 1999, 9, 177–184.
12. O’Farrell, N. Increasing prevalence of genital herpes in developing countries: Implications for heterosexual

HIV transmission and STI control programmes. Sex. Transm. Infect. 1999, 75, 377–384. [CrossRef] [PubMed]
13. Weiss, H.A.; Buve, A.; Robinson, N.J.; Van Dyck, E.; Kahindo, M.; Anagonou, S.; Musonda, R.; Zekeng, L.;

Morison, L.; Carael, M.; et al. The epidemiology of HSV-2 infection and its association with HIV infection in
four urban African populations. AIDS 2001, 15, S97–S108. [CrossRef] [PubMed]

14. Ahmed, H.J.; Mbwana, J.; Gunnarsson, E.; Ahlman, K.; Guerino, C.; Svensson, L.A.; Mhalu, F.; Lagergard, T.
Etiology of genital ulcer disease and association with human immunodeficiency virus infection in two
tanzanian cities. Sex. Transm. Dis. 2003, 30, 114–119. [CrossRef] [PubMed]

15. Mertz, K.J.; Trees, D.; Levine, W.C.; Lewis, J.S.; Litchfield, B.; Pettus, K.S.; Morse, S.A.; St Louis, M.E.;
Weiss, J.B.; Schwebke, J.; et al. Etiology of genital ulcers and prevalence of human immunodeficiency virus
coinfection in 10 US cities. The Genital Ulcer Disease Surveillance Group. J. Infect. Dis. 1998, 178, 1795–1798.
[CrossRef]

16. Morse, S.A. Etiology of genital ulcer disease and its relationship to HIV infection. Sex. Transm Dis 1999, 26,
63–65. [CrossRef]

17. Gupta, R.; Warren, T.; Wald, A. Genital herpes. Lancet 2007, 370, 2127–2137. [CrossRef]
18. Mindel, A.; Marks, C. Psychological symptoms associated with genital herpes virus infections: Epidemiology

and approaches to management. CNS Drugs 2005, 19, 303–312. [CrossRef]
19. Mark, H.; Gilbert, L.; Nanda, J. Psychosocial Well-Being and Quality of Life Among Women Newly Diagnosed

With Genital Herpes. Jognn-J. Obst. Gynecol. Neonatal 2009, 38, 320–326. [CrossRef]
20. Fisman, D.N. Health related quality of life in genital herpes: A pilot comparison of measures. Sex. Transm. Infect.

2005, 81, 267–270. [CrossRef]
21. Looker, K.J.; Magaret, A.S.; May, M.T.; Turner, K.M.E.; Vickerman, P.; Newman, L.M.; Gottlieb, S.L. First

estimates of the global and regional incidence of neonatal herpes infection. Lancet Glob. Health 2017, 5,
e300–e309. [CrossRef]

22. Omori, R.; Nagelkerke, N.; Abu-Raddad, L.J. HIV and herpes simplex virus type 2 epidemiological synergy:
Misguided observational evidence? A modelling study. Sex. Transm. Infect. 2018, 94, 372–376. [CrossRef]
[PubMed]

23. Freeman, E.E.; Weiss, H.A.; Glynn, J.R.; Cross, P.L.; Whitworth, J.A.; Hayes, R.J. Herpes simplex virus 2
infection increases HIV acquisition in men and women: Systematic review and meta-analysis of longitudinal
studies. AIDS 2006, 20, 73–83. [CrossRef] [PubMed]

24. Wald, A.; Link, K. Risk of human immunodeficiency virus infection in herpes simplex virus type 2-seropositive
persons: A meta-analysis. J. Infect. Dis. 2002, 185, 45–52. [CrossRef] [PubMed]

25. Looker, K.J.; Elmes, J.A.R.; Gottlieb, S.L.; Schiffer, J.T.; Vickerman, P.; Turner, K.M.E.; Boily, M.C. Effect
of HSV-2 infection on subsequent HIV acquisition: An updated systematic review and meta-analysis.
Lancet Infect. Dis. 2017, 17, 1303–1316. [CrossRef]

http://dx.doi.org/10.1056/NEJM200003233421203
http://dx.doi.org/10.7326/0003-4819-121-11-199412010-00004
http://dx.doi.org/10.1001/jama.285.24.3100
http://dx.doi.org/10.1086/504717
http://dx.doi.org/10.1097/00126334-200404150-00001
http://dx.doi.org/10.1371/journal.pone.0002230
http://dx.doi.org/10.1136/sti.75.6.377
http://www.ncbi.nlm.nih.gov/pubmed/10754939
http://dx.doi.org/10.1097/00002030-200108004-00011
http://www.ncbi.nlm.nih.gov/pubmed/11686471
http://dx.doi.org/10.1097/00007435-200302000-00004
http://www.ncbi.nlm.nih.gov/pubmed/12567167
http://dx.doi.org/10.1086/314502
http://dx.doi.org/10.1097/00007435-199901000-00010
http://dx.doi.org/10.1016/S0140-6736(07)61908-4
http://dx.doi.org/10.2165/00023210-200519040-00003
http://dx.doi.org/10.1111/j.1552-6909.2009.01026.x
http://dx.doi.org/10.1136/sti.2004.011619
http://dx.doi.org/10.1016/S2214-109X(16)30362-X
http://dx.doi.org/10.1136/sextrans-2017-053336
http://www.ncbi.nlm.nih.gov/pubmed/29203577
http://dx.doi.org/10.1097/01.aids.0000198081.09337.a7
http://www.ncbi.nlm.nih.gov/pubmed/16327322
http://dx.doi.org/10.1086/338231
http://www.ncbi.nlm.nih.gov/pubmed/11756980
http://dx.doi.org/10.1016/S1473-3099(17)30405-X


Vaccines 2020, 8, 366 15 of 19

26. Freeman, E.E.; Orroth, K.K.; White, R.G.; Glynn, J.R.; Bakker, R.; Boily, M.C.; Habbema, D.; Buve, A.; Hayes, R.
Proportion of new HIV infections attributable to herpes simplex 2 increases over time: Simulations of the
changing role of sexually transmitted infections in sub-Saharan African HIV epidemics. Sex. Transm. Infect.
2007, 83, i17–i24. [CrossRef] [PubMed]

27. Looker, K.J.; Welton, N.J.; Sabin, K.M.; Dalal, S.; Vickerman, P.; Turner, K.M.E.; Boily, M.C.; Gottlieb, S.L.
Global and regional estimates of the contribution of herpes simplex virus type 2 infection to HIV incidence:
A population attributable fraction analysis using published epidemiological data. Lancet Infect. Dis. 2020, 20,
240–249. [CrossRef]

28. Gottlieb, S.L.; Giersing, B.; Boily, M.C.; Chesson, H.; Looker, K.J.; Schiffer, J.; Spicknall, I.; Hutubessy, R.;
Broutet, N. Modelling efforts needed to advance herpes simplex virus (HSV) vaccine development: Key
findings from the World Health Organization Consultation on HSV Vaccine Impact Modelling. Vaccine 2019,
37, 7336–7345. [CrossRef]

29. Gottlieb, S.L.; Giersing, B.K.; Hickling, J.; Jones, R.; Deal, C.; Kaslow, D.C. Meeting report: Initial World
Health Organization consultation on herpes simplex virus (HSV) vaccine preferred product characteristics,
March 2017. Vaccine 2019, 37, 7408–7418. [CrossRef]

30. Fanfair, R.N.; Zaidi, A.; Taylor, L.D.; Xu, F.J.; Gottlieb, S.; Markowitz, L. Trends in Seroprevalence of Herpes
Simplex Virus Type 2 Among Non-Hispanic Blacks and Non-Hispanic Whites Aged 14 to 49 Years-United
States, 1988 to 2010. Sex. Transm. Dis. 2013, 40, 860–864. [CrossRef]

31. Douglas, J.M.; Berman, S.M. Screening for HSV-2 Infection in STD Clinics and Beyond: A Few Answers But
More Questions. Sex. Transm. Dis. 2009, 36, 729–731. [CrossRef]

32. Johnston, C.; Corey, L. Current Concepts for Genital Herpes Simplex Virus Infection: Diagnostics and
Pathogenesis of Genital Tract Shedding. Clin. Microbiol. Rev. 2016, 29, 149–161. [CrossRef] [PubMed]

33. Owusu-Edusei, K., Jr.; Chesson, H.W.; Gift, T.L.; Tao, G.; Mahajan, R.; Ocfemia, M.C.; Kent, C.K. The estimated
direct medical cost of selected sexually transmitted infections in the United States, 2008. Sex. Transm. Dis.
2013, 40, 197–201. [CrossRef]

34. Giersing, B.K.; Vekemans, J.; Nava, S.; Kaslow, D.C.; Moorthy, V.S. Report from the World Health
Organization’s third Product Development for Vaccines Advisory Committee (PDVAC) meeting, Geneva,
8–10th June 2016. Vaccine 2019, 37, 7315–7327. [CrossRef] [PubMed]

35. Johnston, C.; Gottlieb, S.L.; Wald, A. Status of vaccine research and development of vaccines for herpes
simplex virus. Vaccine 2016, 34, 2948–2952. [CrossRef] [PubMed]

36. World Health Organization. World Health Organization Preferred Product Characteristics for Herpes 2
Simplex Virus Vaccines. 2019. Available online: https://www.who.int/immunization/research/ppc-tpp/HSV_
Vaccine_PPCs_for_Public_Comment.pdf (accessed on 3 February 2020).

37. Van Wagoner, N.; Fife, K.; Leone, P.A.; Bernstein, D.I.; Warren, T.; Panther, L.; Novak, R.M.; Beigi, R.; Kriesel, J.;
Tyring, S.; et al. Effects of Different Doses of GEN-003, a Therapeutic Vaccine for Genital Herpes Simplex
Virus-2, on Viral Shedding and Lesions: Results of a Randomized Placebo-Controlled Trial. J. Infect. Dis.
2018, 218, 1890–1899. [CrossRef]

38. Bernstein, D.I.; Wald, A.; Warren, T.; Fife, K.; Tyring, S.; Lee, P.; Van Wagoner, N.; Magaret, A.; Flechtner, J.B.;
Tasker, S.; et al. Therapeutic Vaccine for Genital Herpes Simplex Virus-2 Infection: Findings From a
Randomized Trial. J. Infect. Dis. 2017, 215, 856–864. [CrossRef]

39. Bernstein, D.I.; Flechtner, J.B.; McNeil, L.K.; Heineman, T.; Oliphant, T.; Tasker, S.; Wald, A.; Hetherington, S.;
Bernstein, D.; Van Wagoner, N.; et al. Therapeutic HSV-2 vaccine decreases recurrent virus shedding and
recurrent genital herpes disease. Vaccine 2019, 37, 3443–3450. [CrossRef]

40. Spicknall, I.H.; Looker, K.J.; Gottlieb, S.L.; Chesson, H.W.; Schiffer, J.T.; Elmes, J.; Boily, M.C. Review
of mathematical models of HSV-2 vaccination: Implications for vaccine development. Vaccine 2019, 37,
7396–7407. [CrossRef]

41. Gottlieb, S.L.; Deal, C.D.; Giersing, B.; Rees, H.; Bolan, G.; Johnston, C.; Timms, P.; Gray-Owen, S.D.;
Jerse, A.E.; Cameron, C.E.; et al. The global roadmap for advancing development of vaccines against sexually
transmitted infections: Update and next steps. Vaccine 2016, 34, 2939–2947. [CrossRef]

42. Johnson, R.E.; Nahmias, A.J.; Magder, L.S.; Lee, F.K.; Brooks, C.A.; Snowden, C.B. A seroepidemiologic
survey of the prevalence of herpes simplex virus type 2 infection in the United States. N. Engl. J. Med. 1989,
321, 7–12. [CrossRef]

http://dx.doi.org/10.1136/sti.2006.023549
http://www.ncbi.nlm.nih.gov/pubmed/17405782
http://dx.doi.org/10.1016/S1473-3099(19)30470-0
http://dx.doi.org/10.1016/j.vaccine.2017.03.074
http://dx.doi.org/10.1016/j.vaccine.2017.10.084
http://dx.doi.org/10.1097/OLQ.0000000000000043
http://dx.doi.org/10.1097/OLQ.0b013e3181c04dea
http://dx.doi.org/10.1128/CMR.00043-15
http://www.ncbi.nlm.nih.gov/pubmed/26561565
http://dx.doi.org/10.1097/OLQ.0b013e318285c6d2
http://dx.doi.org/10.1016/j.vaccine.2016.10.090
http://www.ncbi.nlm.nih.gov/pubmed/28262332
http://dx.doi.org/10.1016/j.vaccine.2015.12.076
http://www.ncbi.nlm.nih.gov/pubmed/26973067
https://www.who.int/immunization/research/ppc-tpp/HSV_Vaccine_PPCs_for_Public_Comment.pdf
https://www.who.int/immunization/research/ppc-tpp/HSV_Vaccine_PPCs_for_Public_Comment.pdf
http://dx.doi.org/10.1093/infdis/jiy415
http://dx.doi.org/10.1093/infdis/jix004
http://dx.doi.org/10.1016/j.vaccine.2019.05.009
http://dx.doi.org/10.1016/j.vaccine.2018.02.067
http://dx.doi.org/10.1016/j.vaccine.2016.03.111
http://dx.doi.org/10.1056/NEJM198907063210102


Vaccines 2020, 8, 366 16 of 19

43. Fleming, D.T.; McQuillan, G.M.; Johnson, R.E.; Nahmias, A.J.; Aral, S.O.; Lee, F.K.; St Louis, M.E. Herpes
Simplex Virus Type 2 in the United States, 1976 to 1994. N. Engl. J. Med. 1997, 337, 1105–1111. [CrossRef]
[PubMed]

44. Xu, F.; Sternberg, M.R.; Kottiri, B.J.; McQuillan, G.M.; Lee, F.K.; Nahmias, A.J.; Berman, S.M.; Markowitz, L.E.
Trends in herpes simplex virus type 1 and type 2 seroprevalence in the United States. JAMA 2006, 296,
964–973. [CrossRef] [PubMed]

45. McQuillan, G.; Kruszon-Moran, D.; Flagg, E.W.; Paulose-Ram, R. Prevalence of Herpes Simplex Virus Type 1
and Type 2 in Persons Aged 14–49: United States, 2015–2016. NCHS Data Brief. 2018, 304, 1–8.

46. Chemaitelly, H.; Nagelkerke, N.; Omori, R.; Abu-Raddad, L.J. Characterizing herpes simplex virus type 1
and type 2 seroprevalence declines and epidemiological association in the United States. PLoS ONE 2019, 14,
e0214151. [CrossRef]

47. Abu-Raddad, L.J.; Boily, M.C.; Self, S.; Longini, I.M., Jr. Analytic insights into the population level impact of
imperfect prophylactic HIV vaccines. J. Acquir. Immune Defic. Syndr. 2007, 45, 454–467. [CrossRef] [PubMed]

48. Boily, M.C.; Abu-Raddad, L.; Desai, K.; Masse, B.; Self, S.; Anderson, R. Measuring the public-health impact
of candidate HIV vaccines as part of the licensing process. Lancet Infect. Dis. 2008, 8, 200–207. [CrossRef]

49. Alsallaq, R.A.; Schiffer, J.T.; Longini, I.M., Jr.; Wald, A.; Corey, L.; Abu-Raddad, L.J. Population level impact of
an imperfect prophylactic vaccine for herpes simplex virus-2. Sex. Transm. Dis. 2010, 37, 290–297. [CrossRef]

50. Newton, E.A.; Kuder, J.M. A model of the transmission and control of genital herpes. Sex. Transm. Dis. 2000,
27, 363–370. [CrossRef]

51. Podder, C.N.; Gumel, A.B. Qualitative dynamics of a vaccination model for HSV-2. IMA J. Appl. Math. 2010,
75, 75–107. [CrossRef]

52. Garnett, G.P.; Dubin, G.; Slaoui, M.; Darcis, T. The potential epidemiological impact of a genital herpes
vaccine for women. Sex. Transm. Infect. 2004, 80, 24–29. [CrossRef]

53. Schwartz, E.J.; Bodine, E.N.; Blower, S. Effectiveness and efficiency of imperfect therapeutic HSV-2 vaccines.
Hum. Vaccines 2007, 3, 231–238. [CrossRef] [PubMed]

54. Schwartz, E.J.; Blower, S. Predicting the potential individual- and population-level effects of imperfect herpes
simplex virus type 2 vaccines. J. Infect. Dis. 2005, 191, 1734–1746. [CrossRef] [PubMed]

55. Freeman, E.E.; White, R.G.; Bakker, R.; Orroth, K.K.; Weiss, H.A.; Buve, A.; Hayes, R.J.; Glynn, J.R.
Population-level effect of potential HSV2 prophylactic vaccines on HIV incidence in sub-Saharan Africa.
Vaccine 2009, 27, 940–946. [CrossRef] [PubMed]

56. Lou, Y.; Qesmi, R.; Wang, Q.; Steben, M.; Wu, J.; Heffernan, J.M. Epidemiological impact of a genital herpes
type 2 vaccine for young females. PLoS ONE 2012, 7, e46027. [CrossRef]

57. Centers for Disease Control and Prevention. National Health and Nutrition Examination Survey 1976–2016.
2018. Available online: http://www.cdc.gov/nchs/nhanes/nhanes_questionnaires.htm (accessed on 11
December 2019).

58. Liljeros, F.; Edling, C.R.; Amaral, L.A.; Stanley, H.E.; Aberg, Y. The web of human sexual contacts. Nature
2001, 411, 907–908. [CrossRef]

59. Watts, C.H.; May, R.M. The influence of concurrent partnerships on the dynamics of HIV/AIDS. Math. Biosci
1992, 108, 89–104. [CrossRef]

60. Barrat, A.; Barthelemy, M.; Pastor-Satorras, R.; Vespignani, A. The architecture of complex weighted networks.
Proc. Natl. Acad. Sci. USA 2004, 101, 3747–3752. [CrossRef]

61. Boccaletti, S.; Latora, V.; Moreno, Y.; Chavez, M.; Hwang, D. Complex Networks: Structure and Dynamics.
Phys. Rep. 2006, 424, 175–308. [CrossRef]

62. Watts, D.J.; Strogatz, S.H. Collective dynamics of ‘small-world’networks. Nature 1998, 393, 440. [CrossRef]
63. Garnett, G.P.; Anderson, R.M. Balancing sexual partnerships in an age and activity stratified model of HIV

transmission in heterosexual populations. IMA J. Math. Appl. Med. Biol. 1994, 11, 161–192. [CrossRef]
64. Awad, S.F.; Abu-Raddad, L.J. Could there have been substantial declines in sexual risk behavior across

sub-Saharan Africa in the mid-1990s? Epidemics 2014, 8, 9–17. [CrossRef] [PubMed]
65. Awad, S.F.; Sgaier, S.K.; Tambatamba, B.C.; Mohamoud, Y.A.; Lau, F.K.; Reed, J.B.; Njeuhmeli, E.;

Abu-Raddad, L.J. Investigating voluntary medical male circumcision program efficiency gains through
subpopulation prioritization: Insights from application to Zambia. PLoS ONE 2015, 10, e0145729. [CrossRef]
[PubMed]

66. MATLAB®. The Language of Technical Computing; The MathWorks, Inc.: Natick, MA, USA, 2016.

http://dx.doi.org/10.1056/NEJM199710163371601
http://www.ncbi.nlm.nih.gov/pubmed/9329932
http://dx.doi.org/10.1001/jama.296.8.964
http://www.ncbi.nlm.nih.gov/pubmed/16926356
http://dx.doi.org/10.1371/journal.pone.0214151
http://dx.doi.org/10.1097/QAI.0b013e3180959a94
http://www.ncbi.nlm.nih.gov/pubmed/17554215
http://dx.doi.org/10.1016/S1473-3099(07)70292-X
http://dx.doi.org/10.1097/OLQ.0b013e3181d3d023
http://dx.doi.org/10.1097/00007435-200008000-00001
http://dx.doi.org/10.1093/imamat/hxp030
http://dx.doi.org/10.1136/sti.2002.003848
http://dx.doi.org/10.4161/hv.4529
http://www.ncbi.nlm.nih.gov/pubmed/17881889
http://dx.doi.org/10.1086/429299
http://www.ncbi.nlm.nih.gov/pubmed/15838802
http://dx.doi.org/10.1016/j.vaccine.2008.11.074
http://www.ncbi.nlm.nih.gov/pubmed/19071187
http://dx.doi.org/10.1371/journal.pone.0046027
http://www.cdc.gov/nchs/nhanes/nhanes_questionnaires.htm
http://dx.doi.org/10.1038/35082140
http://dx.doi.org/10.1016/0025-5564(92)90006-I
http://dx.doi.org/10.1073/pnas.0400087101
http://dx.doi.org/10.1016/j.physrep.2005.10.009
http://dx.doi.org/10.1038/30918
http://dx.doi.org/10.1093/imammb/11.3.161
http://dx.doi.org/10.1016/j.epidem.2014.06.001
http://www.ncbi.nlm.nih.gov/pubmed/25240899
http://dx.doi.org/10.1371/journal.pone.0145729
http://www.ncbi.nlm.nih.gov/pubmed/26716442


Vaccines 2020, 8, 366 17 of 19

67. Centers for Disease Control and Prevention. Survey Methods and Analytic Guidelines. 2016. Available online:
https://wwwn.cdc.gov/nchs/nhanes/analyticguidelines.aspx (accessed on 2 January 2020).

68. Lagarias, J.C.; Reeds, J.A.; Wright, M.H.; Wright, P.E. Convergence properties of the Nelder-Mead simplex
method in low dimensions. SIAM J. Optim. 1998, 9, 112–147. [CrossRef]

69. Ayoub, H.H.; Al Kanaani, Z.; Abu-Raddad, L.J. Characterizing the temporal evolution of the hepatitis C
virus epidemic in Pakistan. J. Viral Hepat. 2018, 25, 670–679. [CrossRef]

70. Ayoub, H.H.; Chemaitelly, H.; Abu-Raddad, L.J. Characterizing the transitioning epidemiology of herpes
simplex virus type 1 in the USA: Model-based predictions. BMC Med. 2019, 17, 57. [CrossRef]

71. United Nations Department of Economic and Social Affairs. World Population Prospects, the 2019 Revision.
2019. Available online: http://esa.un.org/unpd/wpp/ (accessed on 16 December 2019).

72. Garnett, G.P. The theoretical impact and cost-effectiveness of vaccines that protect against sexually transmitted
infections and disease. Vaccine 2014, 32, 1536–1542. [CrossRef]

73. Tronstein, E.; Johnston, C.; Huang, M.L.; Selke, S.; Magaret, A.; Warren, T.; Corey, L.; Wald, A. Genital
shedding of herpes simplex virus among symptomatic and asymptomatic persons with HSV-2 infection.
JAMA 2011, 305, 1441–1449. [CrossRef]

74. Langenberg, A.G.; Corey, L.; Ashley, R.L.; Leong, W.P.; Straus, S.E. A prospective study of new infections
with herpes simplex virus type 1 and type 2. Chiron HSV Vaccine Study Group. N. Engl. J. Med. 1999, 341,
1432–1438. [CrossRef]

75. Wald, A.; Zeh, J.; Selke, S.; Ashley, R.L.; Corey, L. Virologic characteristics of subclinical and symptomatic
genital herpes infections. N. Engl. J. Med. 1995, 333, 770–775. [CrossRef]

76. Langenberg, A.; Benedetti, J.; Jenkins, J.; Ashley, R.; Winter, C.; Corey, L. Development of Clinically
Recognizable Genital Lesions among Women Previously Identified as Having Asymptomatic Herpes-Simplex
Virus Type-2 Infection. Ann. Intern. Med. 1989, 110, 882–887. [CrossRef]

77. Stanberry, L.R. Clinical trials of prophylactic and therapeutic herpes simplex virus vaccines. Herpes 2004, 11,
161A–169A. [PubMed]

78. Stein, M. Large sample properties of simulations using Latin hypercube sampling. Technometrics 1987, 29,
143–151. [CrossRef]

79. McKay, M.D.; Beckman, R.J.; Conover, W.J. Comparison of three methods for selecting values of input
variables in the analysis of output from a computer code. Technometrics 1979, 21, 239–245.

80. Rebbapragada, A.; Wachihi, C.; Pettengell, C.; Sunderji, S.; Huibner, S.; Jaoko, W.; Ball, B.; Fowke, K.;
Mazzulli, T.; Plummer, F.A.; et al. Negative mucosal synergy between Herpes simplex type 2 and HIV in the
female genital tract. AIDS 2007, 21, 589–598. [CrossRef] [PubMed]

81. Celum, C.L. The interaction between herpes simplex virus and human immunodeficiency virus. Herpes 2004,
11, 36A–45A.

82. Dolan, A.; Jamieson, F.E.; Cunningham, C.; Barnett, B.C.; McGeoch, D.J. The genome sequence of herpes
simplex virus type 2. J. Virol. 1998, 72, 2010–2021. [CrossRef]

83. Looker, K.J.; Garnett, G.P. A systematic review of the epidemiology and interaction of herpes simplex virus
types 1 and 2. Sex. Transm. Infect. 2005, 81, 103–107. [CrossRef]

84. Nasrallah, G.K.; Dargham, S.R.; Abu-Raddad, L.J. Negative epidemiological association between HSV-1 and
HSV-2 infections. Heliyon 2019, 5, e02549. [CrossRef]

85. Belshe, R.B.; Leone, P.A.; Bernstein, D.I.; Wald, A.; Levin, M.J.; Stapleton, J.T.; Gorfinkel, I.; Morrow, R.L.;
Ewell, M.G.; Stokes-Riner, A.; et al. Efficacy results of a trial of a herpes simplex vaccine. N. Engl. J. Med.
2012, 366, 34–43. [CrossRef]

86. Shlapobersky, M.; Marshak, J.O.; Dong, L.; Huang, M.L.; Wei, Q.; Chu, A.; Rolland, A.; Sullivan, S.;
Koelle, D.M. Vaxfectin-adjuvanted plasmid DNA vaccine improves protection and immunogenicity in a
murine model of genital herpes infection. J. Gen. Virol. 2012, 93, 1305–1315. [CrossRef]

87. Odegard, J.M.; Flynn, P.A.; Campbell, D.J.; Robbins, S.H.; Dong, L.; Wang, K.; Ter Meulen, J.; Cohen, J.I.;
Koelle, D.M. A novel HSV-2 subunit vaccine induces GLA-dependent CD4 and CD8 T cell responses and
protective immunity in mice and guinea pigs. Vaccine 2016, 34, 101–109. [CrossRef] [PubMed]

88. Schiffer, J.T.; Mayer, B.T.; Fong, Y.; Swan, D.A.; Wald, A. Herpes simplex virus-2 transmission probability
estimates based on quantity of viral shedding. J. R. Soc. Interface 2014, 11, 20140160. [CrossRef] [PubMed]

https://wwwn.cdc.gov/nchs/nhanes/analyticguidelines.aspx
http://dx.doi.org/10.1137/S1052623496303470
http://dx.doi.org/10.1111/jvh.12864
http://dx.doi.org/10.1186/s12916-019-1285-x
http://esa.un.org/unpd/wpp/
http://dx.doi.org/10.1016/j.vaccine.2013.11.007
http://dx.doi.org/10.1001/jama.2011.420
http://dx.doi.org/10.1056/NEJM199911043411904
http://dx.doi.org/10.1056/NEJM199509213331205
http://dx.doi.org/10.7326/0003-4819-110-11-882
http://www.ncbi.nlm.nih.gov/pubmed/15319086
http://dx.doi.org/10.1080/00401706.1987.10488205
http://dx.doi.org/10.1097/QAD.0b013e328012b896
http://www.ncbi.nlm.nih.gov/pubmed/17314521
http://dx.doi.org/10.1128/JVI.72.3.2010-2021.1998
http://dx.doi.org/10.1136/sti.2004.012039
http://dx.doi.org/10.1016/j.heliyon.2019.e02549
http://dx.doi.org/10.1056/NEJMoa1103151
http://dx.doi.org/10.1099/vir.0.040055-0
http://dx.doi.org/10.1016/j.vaccine.2015.10.137
http://www.ncbi.nlm.nih.gov/pubmed/26571309
http://dx.doi.org/10.1098/rsif.2014.0160
http://www.ncbi.nlm.nih.gov/pubmed/24671939


Vaccines 2020, 8, 366 18 of 19

89. Press Release. Genital Herpes Immunotherapy GEN-003 Shows Sustained Reduction of Viral Shedding Rate,
Durable Impact on Clinical Disease 12 Months Post-Dosing. 2016. Available online: http://ir.genocea.com/

releasedetail.cfm?releaseid=962865 (accessed on 8 December 2019).
90. Stanberry, L.R.; Spruance, S.L.; Cunningham, A.L.; Bernstein, D.I.; Mindel, A.; Sacks, S.; Tyring, S.; Aoki, F.Y.;

Slaoui, M.; Denis, M.; et al. Glycoprotein-D-adjuvant vaccine to prevent genital herpes. N. Engl. J. Med. 2002,
347, 1652–1661. [CrossRef] [PubMed]

91. Corey, L.; Langenberg, A.G.; Ashley, R.; Sekulovich, R.E.; Izu, A.E.; Douglas, J.M., Jr.; Handsfield, H.H.;
Warren, T.; Marr, L.; Tyring, S.; et al. Recombinant glycoprotein vaccine for the prevention of genital HSV-2
infection: Two randomized controlled trials. Chiron HSV Vaccine Study Group. JAMA 1999, 282, 331–340.
[CrossRef]

92. Mertz, G.J.; Ashley, R.; Burke, R.L.; Benedetti, J.; Critchlow, C.; Jones, C.C.; Corey, L. Double-blind,
placebo-controlled trial of a herpes simplex virus type 2 glycoprotein vaccine in persons at high risk for
genital herpes infection. J. Infect. Dis. 1990, 161, 653–660. [CrossRef]

93. Bernstein, D.I.; Morello, C.S.; Cardin, R.D.; Bravo, F.J.; Kraynyak, K.A.; Spector, D.H. A vaccine containing
highly purified virus particles in adjuvant provides high level protection against genital infection and disease
in guinea pigs challenged intravaginally with homologous and heterologous strains of herpes simplex virus
type 2. Vaccine 2020, 38, 79–89. [CrossRef]

94. Bernstein, D.I.; Cardin, R.D.; Bravo, F.J.; Hamouda, T.; Pullum, D.A.; Cohen, G.; Bitko, V.; Fattom, A.
Intranasal nanoemulsion-adjuvanted HSV-2 subunit vaccine is effective as a prophylactic and therapeutic
vaccine using the guinea pig model of genital herpes. Vaccine 2019, 37, 6470–6477. [CrossRef]

95. Zhu, X.P.; Muhammad, Z.S.; Wang, J.G.; Lin, W.; Guo, S.K.; Zhang, W. HSV-2 vaccine: Current status and
insight into factors for developing an efficient vaccine. Viruses 2014, 6, 371–390. [CrossRef]

96. Belshe, R.B.; Heineman, T.C.; Bernstein, D.I.; Bellamy, A.R.; Ewell, M.; van der Most, R.; Deal, C.D. Correlate
of immune protection against HSV-1 genital disease in vaccinated women. J. Infect. Dis. 2014, 209, 828–836.
[CrossRef]

97. Awasthi, S.; Belshe, R.B.; Friedman, H.M. Better neutralization of herpes simplex virus type 1 (HSV-1) than
HSV-2 by antibody from recipients of GlaxoSmithKline HSV-2 glycoprotein D2 subunit vaccine. J. Infect. Dis.
2014, 210, 571–575. [CrossRef]

98. Bernstein, D.I.; Pullum, D.A.; Cardin, R.D.; Bravo, F.J.; Dixon, D.A.; Kousoulas, K.G. The HSV-1 live
attenuated VC2 vaccine provides protection against HSV-2 genital infection in the guinea pig model of
genital herpes. Vaccine 2019, 37, 61–68. [CrossRef]

99. Cattamanchi, A.; Posavad, C.M.; Wald, A.; Baine, Y.; Moses, J.; Higgins, T.J.; Ginsberg, R.; Ciccarelli, R.;
Corey, L.; Koelle, D.M. Phase I study of a herpes simplex virus type 2 (HSV-2) DNA vaccine administered
to healthy, HSV-2-seronegative adults by a needle-free injection system. Clin. Vaccine Immunol. 2008, 15,
1638–1643. [CrossRef] [PubMed]

100. Chandra, J.; Woo, W.P.; Dutton, J.L.; Xu, Y.; Li, B.; Kinrade, S.; Druce, J.; Finlayson, N.; Griffin, P.; Laing, K.J.;
et al. Immune responses to a HSV-2 polynucleotide immunotherapy COR-1 in HSV-2 positive subjects: A
randomized double blinded phase I/IIa trial. PLoS ONE 2019, 14, e0226320. [CrossRef]

101. Dutton, J.L.; Woo, W.P.; Chandra, J.; Xu, Y.; Li, B.; Finlayson, N.; Griffin, P.; Frazer, I.H. An escalating dose
study to assess the safety, tolerability and immunogenicity of a Herpes Simplex Virus DNA vaccine, COR-1.
Hum. Vaccines Immunother. 2016, 12, 3079–3088. [CrossRef] [PubMed]

102. Oxman, M.N.; Levin, M.J.; Johnson, G.R.; Schmader, K.E.; Straus, S.E.; Gelb, L.D.; Arbeit, R.D.;
Simberkoff, M.S.; Gershon, A.A.; Davis, L.E.; et al. A vaccine to prevent herpes zoster and postherpetic
neuralgia in older adults. N. Engl. J. Med. 2005, 352, 2271–2284. [CrossRef] [PubMed]

103. Lal, H.; Cunningham, A.L.; Godeaux, O.; Chlibek, R.; Diez-Domingo, J.; Hwang, S.J.; Levin, M.J.;
McElhaney, J.E.; Poder, A.; Puig-Barbera, J.; et al. Efficacy of an adjuvanted herpes zoster subunit vaccine in
older adults. N. Engl. J. Med. 2015, 372, 2087–2096. [CrossRef]

104. Raaperi, K.; Orro, T.; Viltrop, A. Epidemiology and control of bovine herpesvirus 1 infection in Europe. Vet. J.
2014, 201, 249–256. [CrossRef] [PubMed]

105. United States Department of Agriculture. Psuedorabies (Aujeszky’s Disease) and Its Eradication: A Review of the
U.S. Experience; Technical Bulletin No. 1923; Animal and Plant Health Inspection Service: Washington, DC,
USA, 2008.

http://ir.genocea.com/releasedetail.cfm?releaseid=962865
http://ir.genocea.com/releasedetail.cfm?releaseid=962865
http://dx.doi.org/10.1056/NEJMoa011915
http://www.ncbi.nlm.nih.gov/pubmed/12444179
http://dx.doi.org/10.1001/jama.282.4.331
http://dx.doi.org/10.1093/infdis/161.4.653
http://dx.doi.org/10.1016/j.vaccine.2019.09.090
http://dx.doi.org/10.1016/j.vaccine.2019.08.077
http://dx.doi.org/10.3390/v6020371
http://dx.doi.org/10.1093/infdis/jit651
http://dx.doi.org/10.1093/infdis/jiu177
http://dx.doi.org/10.1016/j.vaccine.2018.11.042
http://dx.doi.org/10.1128/CVI.00167-08
http://www.ncbi.nlm.nih.gov/pubmed/18784341
http://dx.doi.org/10.1371/journal.pone.0226320
http://dx.doi.org/10.1080/21645515.2016.1221872
http://www.ncbi.nlm.nih.gov/pubmed/27580249
http://dx.doi.org/10.1056/NEJMoa051016
http://www.ncbi.nlm.nih.gov/pubmed/15930418
http://dx.doi.org/10.1056/NEJMoa1501184
http://dx.doi.org/10.1016/j.tvjl.2014.05.040
http://www.ncbi.nlm.nih.gov/pubmed/24954868


Vaccines 2020, 8, 366 19 of 19

106. Garland, S.M.; Hernandez-Avila, M.; Wheeler, C.M.; Perez, G.; Harper, D.M.; Leodolter, S.; Tang, G.W.;
Ferris, D.G.; Steben, M.; Bryan, J.; et al. Quadrivalent vaccine against human papillomavirus to prevent
anogenital diseases. N. Engl. J. Med. 2007, 356, 1928–1943. [CrossRef]

107. Abu-Raddad, L.J.; Schiffer, J.T.; Ashley, R.; Mumtaz, G.; Alsallaq, R.A.; Akala, F.A.; Semini, I.; Riedner, G.;
Wilson, D. HSV-2 serology can be predictive of HIV epidemic potential and hidden sexual risk behavior in
the Middle East and North Africa. Epidemics 2010, 2, 173–182. [CrossRef]

108. Dargham, S.R.; Nasrallah, G.K.; Al-Absi, E.S.; Mohammed, L.I.; Al-Disi, R.S.; Nofal, M.Y.; Abu-Raddad, L.J.
Herpes Simplex Virus Type 2 Seroprevalence Among Different National Populations of Middle East and
North African Men. Sex. Transm. Dis. 2018, 45, 482–487. [CrossRef]

109. Boily, M.C.; Brisson, M.; Mâsse, B.; Anderson, R. The Role of Mathematical Models in Vaccine Development
and Public Health Decision Making; Morrow, W., Sheikh, N., Schmidt, C., Davies, D., Eds.; Wiley-Blackwell:
Hoboken, NJ, USA, 2012; pp. 480–508.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1056/NEJMoa061760
http://dx.doi.org/10.1016/j.epidem.2010.08.003
http://dx.doi.org/10.1097/OLQ.0000000000000791
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Mathematical Model 
	Model Parameterization and Fitting 
	Product Characteristics of Candidate Vaccines 
	Measures of Vaccine Impact 
	Vaccination Program Scenarios 
	Sensitivity Analyses 
	Uncertainty Analysis 

	Results 
	Prophylactic Vaccine 
	Therapeutic Vaccine 

	Discussion 
	Conclusions 
	References

